The aim of this study was to investigate how subjective sleepiness, mood states, simple and high-order cognitive performance change after one night of sleep deprivation (SD) and recover to after 7 h normal recovery sleep opportunity during three recovery days. Methods: Ten healthy subjects participated in this study. We measured their subjective sleepiness, mood states and their performances of 2 simple tasks and 4 high-order cognitive tasks twice a day for 5 days, on the baseline day, post-vigil day and 3 recovery days after SD. This study was conducted considering each participant's motivation for task, learning effect and diurnal variation of performance. Results: The performances of simple tasks such as addition or short-term memory were not reduced after SD and were the poorest on the baseline day, and improved gradually; however the high-order cognitive performances were at their lowest on the post-vigil day and needed 2 recovery sleep opportunities to return to the baseline level. Fatigue and confusion in mood states and subjective sleepiness were also at their lowest after SD. Subjective sleepiness nearly recovered to the baseline level on the 1st recovery day, but fatigue and confusion reached the baseline levels on the 2nd recovery day. Conclusion: These results suggest that cognitive deterioration and the recovery process may differ between simple task performance and high-order cognitive task performance, which needed 2 ordinary sleep opportunities to recover to the baseline level, and the change of subjective mood states were also different for each mood. (J Occup Health 2009; 51: 412-422) 
Sleep deprivation (SD) is well-known to be associated with sleepiness, impaired moods, reaction time, vigilance and cognitive function [1] [2] [3] [4] , and also to the decline of the neurological function of the frontal lobe of brain which is related to cognitive function [5] [6] [7] [8] [9] . In some studies, however, the effects of SD on cognitive performance tests are not become consistently apparent [10] [11] [12] [13] [14] . This discrepancy can be explained by methodological problems connected with experimental conditions, personal factors such as motivation for examination, and test characteristics 14) . The recovery process of cognitive function or moods after SD is also important, because this is closely related to occupational safety and health or hours-of-work policy. It has been assumed that neurobehavioral function recovers at the same rate as sleep itself, as suggested in an early study of sleep loss and recovery 15) . However, recent studies suggest that the amount of sleep required for recovery is more than previously thought. For example, Lamond et al. reported response speed, lapse (response latency exceeding 500 ms) and subjective sleepiness following one night of SD returned to baseline after one 9-h sleep opportunity, while sleep latencies required two 9-h sleep opportunities 16) . When the recovery opportunity was restricted to 6-h, neither psychomotor vigilance task performance nor subjective sleepiness recovered, rather they stabilized at belowbaseline levels. Additionally, subjective sleepiness following two nights SD recovered after one 9-h sleep opportunity, but vigilance performance remained significantly below baseline for 5 recovery days 16) . There are some reports regarding SD and recovery of neurophysiological functions that include vigilance, EEG or functional imaging [14] [15] [16] [17] [18] . These studies have suggested that the degree of sleep loss and the restorative value of subsequent sleep are important. However, they did not systematically evaluate the recovery process of different types of high-cognitive performances except for continuous attention included in vigilance after SD.
Many reports have investigated the decline and recovery of cognitive function after sleep loss by occupation [19] [20] [21] [22] [23] . Philibert reported the results of a metaanalysis of 60 studies regarding sleep loss, cognitive function, memory, and vigilance in medical staff 19) . His study suggested that sleep loss of 30-h reduced physicians' overall cognitive and clinical performance. Further research is needed to explore the effect of continuous duty periods and chronic partial sleep loss to assess the clinical and educational consequences.
The studies on recovery from sleep loss are important, but still insufficient. Furthermore, no studies have tried to investigate many kinds of indicators, as several subjective scales and task performances for the same subjects, considering subject's motivation, learning effect and diurnal rhythm of task performance. The latter was reported in earlier studies as having relatively high performance in the morning compared to the evening 14, 24) . We speculated that the decline and recovery process of cognitive performance may be different for each type of task and the change of subjective moods may also different in each mood based on former studies [10] [11] [12] [13] [14] and our pilot study 25) . The purpose of our present study was systemically clarify the difference of performance change in the types of task from simple to high-order cognitive task and in subjective moods after SD, and the recovery process of these indicators in the return to baseline with ordinary sleep opportunities for 3 d following one night (40-h) of SD.
Methods

Subjects
The subjects were 10 healthy non-smoking men (age range=19-25, mean=21.7 ± 1.70 yr), students of the medical department, who responded to an advertisement posted at our medical college. Informed consent was obtained after an explanation of all the procedures, including prohibition of alcohol and caffeine intake during the experimental days. Subjects were screened for physical and mental health problems including sleep disorder by inquiry into their medical history and vital check. They had no problems in any of the health-checks. We confirmed that their bedtimes were between 23:00 and 1:00 and their daily sleep ranged from 6 to 8-h (mean sleep time=6.6 ± 0.8h).
Subjects' motivation
A base fee for the successful performance of our study and adherence to all procedures was paid to subjects, along with a "performance bonus" to ensure high motivation to perform well in all tasks 10) . Subjects were informed the bonus would be dependent upon their performance level in each task and would not be paid if they could not reach the standard level we set. However, the exact criterion used to determine the bonus payment was left unspecified to the subjects; the bonus criterion was set low enough that all were guaranteed to receive the bonus as long as they completed the tasks in earnest. They were motivated to perform at their best to receive the bonus.
Study design and procedure
All subjects were randomly allotted to experimental trials which were 6 days in length. The experimental trials were conducted from December 2007 to January 2008. The procedures of our study were reviewed and approved by the Human Ethics Committee for Epidemiological Research at the University of Occupational and Environmental Health, in Japan. Table 1 shows the schedule of the 6 experimental days. First, subjects had to perform all tasks 3 times for 3 days prior to the experimental days, to get them accustomed to the task and to avoid the influence of learning effects on the experimental days. They were examined for physical and mental condition in our laboratory at 15:00 on Day0, the adaptation day. They were fitted with a Lifecorder ® for daily activity monitoring. Their bedtime on Day0 was 23:30, and they had 7-h in bed at home. Following waking at 6:30 on Day1, the baseline day, subjects visited our laboratory at 7:50. At 8:00 Day1, subjects completed at first questionnaire on moods and three sleepiness scales, and conducted several kinds of task from 8:10. These tasks were finished at 9:00 and the subjects had free time thereafter. At 20:00 on Day1, the subjects completed the questionnaires and tasks using the same procedure. Then they stayed up from 23:30 on Day1 to 6:30 on Day2, the post-vigil day, in the laboratory, and SD was continued for a total of 41-h till 23:30 on Day2. Subjects kept the schedule of Day1 in the daytime of Day2. Their bedtime on Day2 was 23:30, and subjects had 7-h in bed. Subjects kept the same schedule for Day3-5, the 1st-3rd recovery days. The experiment was completed at 23:30 on Day5.
1) Schedule of the experimental trials
2) Schedule questionnaires on moods, sleepiness scales and tasks Subjects answered the questionnaire for 5 min and the sleepiness scales for 2 min. After short breaks, subjects performed the tasks. Table 2 shows the order in which 
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Questionnaire
Profile of Mood States (POMS)
The moods of subjects were evaluated with the POMS, developed by McNair et al., a 65-items 5-point, Likerttype, multiple-dimensional questionnaire on moods [26] [27] [28] . Scores of 6 scales are calculated: Tension-Anxiety (T-A), Depression-Dejection (D), Anger-Hostility (A-H), Vigor (V), Fatigue (F), Confusion (C).
Sleepiness scales
At the beginning of each test session, subjective sleepiness was assessed using the Visual Analogue Scale (VAS) of sleepiness, the Stanford Sleepiness Scale (SSS) and the Kwanseigakuinn Sleepiness Scale (KSS). VAS is the method whereby subjects make a mark on a 10-cm straight line which runs between "very clear" on the left side and "very sleepy" on the right side. Subjects mark the position which they think best represents their current sleepiness. SSS developed by Hoddes et al., is a single item scale ranging from 1 ('feeling active and vital, alert, wide awake') to 7 ('almost in reverie, sleep onset soon, losing struggle to remain awake') 29) . KSS developed by Ishihara et al. is a self-rating scale using the Thurstonetype scale of equal-appearing intervals. It consists of 22 items with a rating score from 0.58 to 6.49 given to each 30) . The score of KSS is a calculated score with a mean of the plural items that subjects checked. The mean score is higher when sleepiness is stronger.
Tasks
1)Original simple tasks
The Simple Addition Task is our original task in which subjects add consecutive numbers a line of single digits arranged randomly for 20 s and write down as many totals as possible. They have to answer in only single digits, e.g. if a sequence is "52674245...", the correct answer is "7831669...". It's similar to the Uchida-Kraepelin test. Subjects performed it in 3 sets for 3 min. In this task, the result is the total score of 3 sets. The Simple Words Memory Task is our original work in which subjects memorize 5 simple Japanese words that appear on a computer screen in succession every 2 s and answer according to the order in which they appear. Subjects performed it in 5 sets for 5 min. We added the scores of the 5 sets and assumed 25 points as a perfect score for one task.
2) Paced Auditory Serial Addition Test (PASAT)
The PASAT developed by Gronwall in 1974 is a measure of cognitive function that assesses auditory information processing speed and flexibility, as well as calculation ability 31) . In this task, single digits are presented every 2 s and the subjects must add each new digit to the one immediately prior to it, e.g. subjects listen to a computer voice speaking randomized single digits as "34629743...", they have to answer as "7081617...". We used uniform computer audio data to ensure standardization in the rate of stimulus presentation. Subjects were given 3 sets with randomized 31 single digits voiced for approximately 1 min per set and had to write down 30 answers. We added the scores of 3 sets and assumed it 90 points as a perfect score for one task.
3) Reading Span Task (RST) The RST developed by Daneman and Carpenter in 1980 measures assessment cognitive function as working memory capacity with linguistic ability 32) . The Japanese version of RST was revised by Osaka et al 33, 34) . In RST subjects read a set of unrelated Japanese sentences consisting of 5-7 phrases, aloud on a computer screen without pausing between sentences. At the end of a set, they are asked to recall all target words underlined in the sentences in the set. They were instructed not to offer first, the target word in the last sentence of a set. They were given 5 sets, as 1 set of 5 sentences. In other words, they needed to write down 5 answers per 1 set and repeat it 5 times to procedure 25 answers. An example of a sentence is, "This evidence proved that he was innocent". We added the scores of the 5 sets and assumed 25 points as a perfect score for one task.
4) Continuous Performance Test (CPT)
The CPT developed by Rosvold et al. is a psychological test that consists of a series of stimuli and computer-based tests of working memory, and is used as a test of vigilance 35) . It requires a subject to respond to "target" stimuli and inhibit responding to "non-target" stimuli that appear on a computer screen. In the present study we used a CPT program develpoed by Uno et al. In this program the "target" appears as "O" in a frame of the screen and "non-targets" appear as "X" and "∆" in the frame, in a task lasting approximately 18 min. Moreover, noisy auditory or visual stimuli are added to the task, e.g. appearing as "X" and "∆" appearing outside the frame, or sudden short alarms 36) , but subjects must click the right button of the mouse only when the "target" appears. During this time, we observed error reactions and response times. The two kinds of errors and response time used in our study were as follows. "Omission Error" occurs when subjects do not click the right button of mouse when the "target" appears. "Commission Error" is when subjects click the button when the "non-target" appears. "Response time" is the average time lapse between the "target" appearing on the screen and each subject's click in only correct reaction. We did not use "Multiple Error" and "Anticipatory Error", because of their complex concept and criterion.
5) Wisconsin Card Sorting Test (WCST)
The WCST is the neuropsychological test of "setshifting" developed by Grant and Berg, which tests the ability to display flexibility in the face of changing schedules of reinforcement 37) . We used the WCST program, Keio version 2.0 developed by Kobayashi et al. Initially, a number of stimulus cards on which were printed 1-4 of each figure of a triangle, square, circle or cross, in red, yellow, green, or blue are presented to the subjects on a computer screen. The subjects are shown 4 different cards and an additional card from the cards, and there is a particular match according to certain rule between the 4 different cards and the additional card. The computer does not show how to match the cards; however, when a card is selected, it shows whether the match is right or wrong. Subjects must choose a card while guessing the rule. Moreover, the rule is changed after every 6 turns, automatically by the computer, and the tasks continue until 48 additional cards are shown, but subjects do not know this. In our study, we observed error reactions and the total time required as follows. "Total Error (TE)" was the total number of times that subjects made mistaken choices during one task. "Perseverative Errors of Milner (PEM)" was the number of errors when a subject persisted in following the immediate previous rule and continued to choose wrong cards by the rule, even though rule had been changed. "Total time required" was the time each subject needed to accomplish one task.
Statistical analysis
Most subjects did not have any problems, but one subject did not fully complete WCST prior to the experimental days. We excluded his WCST data. The scores of POMS, sleepiness scales and each task as dependent variables were analyzed using repeated analysis of variance (ANOVA) for subjects, day (Day1-5) and time of day (TOD 8:00 & 20:00) as independent variables, and to account for systematic inter-individual variation a mixed model was employed. Day as an independent variable was included to investigate the recovery process after SD, and TOD was used to control for diurnal rhythm. Significant main effects by Day were further analyzed using a two-tailed multiple t-test with Bonferroni correction following ANOVA. Significant Day*TOD interactions were analyzed as simple main effects using ANOVA by Day and TOD. The statistical analysis was conducted using the SAS version 8.2 statistical package (SAS Institute Inc., Cary, NC, USA). Subject's bedtime on the baseline day and 3 recovery days were approximately the same as their ordinary bedtimes. Physical activity based on consumption of calories was the highest on the baseline day. Consumption of calories showed significant differences in main effects of Day [F(4,45)=2.67, p<0.05], and we further analyzed the data using the two-tailed multiple t-test with Bonferroni correction, which found no significant differences among the days.
Result
Lifecorder
POMS
The mean score of D at 8:00 was significantly lower than that at 20:00 on D [F(1,98) (Table 3) . In multiple comparisons, T-A of the 1st and 2nd recovery days showed significantly lower values than the baseline day. F and C of the post-vigil day were significantly higher than on the baseline day and were higher than baseline on each recovery day, but not significantly so (Fig. 1) . No significant Day*TOD interactions were observed in any of the scales of POMS.
Sleepiness scales
The mean score at 8:00 was significantly higher than that at 20:00 for all sleepiness scales (VAS; F (1, 98 (Table 3) . In multiple comparisons, the postvigil day had the highest value of sleepiness and it was statistically significant. The means of VAS and KSS on the 1st recovery day were slightly higher than those of the baseline day, but on the baseline day and 1st recovery day the means of SSS were almost the same (Fig. 1) . No significant Day*TOD interactions were observed in any sleepiness scale.
Task performances
The (Table 3 ). For our two original tasks, the lowest scores were seen on the baseline day, after which the scores increased gradually. The scores of both PASAT and RST on the post-vigil day were the lowest with statistical significance, Anger-Hostility 4.1 (6.6) 3. and subsequently those of the 1st recovery day were the second lowest but without statistical significance in multiple comparisons (Fig. 1) . Most of the errors were failure to answer in PASAT and RST. There were only a few calculation mistakes in PASAT, and a few mistakes in writing words regarding meanings in RST. No significant Day*TOD interactions were observed in PASAT and RST scores. OE and CE in CPT were significant in main effects of Day (OE; [F(4,95)=3.64, p<0.01], CE; [F(4,95)=9.14, p<0.001]). The means of both OE and CE were significantly more on the post-vigil day than on the baseline day. Additionally, there were significant Day*TOD interactions in OE but not CE (Table 3 ). The highest number of OEs at 8:00 was observed on the postvigil day and those at 20:00 were observed on the 1st recovery day, but no significant differences among the experimental days were observed by simple main effects analysis (Fig. 2) . In the WCST, the mean of total time required on the baseline day was significantly more than on the other days [F(4,85)=6.08, p<0.001], and the means decreased gradually, but the error results were not significantly different during experimental days. There were significant Day*TOD interactions only in total time required (Table 3) . Total time required at 8:00 was significantly more than that at 20:00 on the baseline day by simple main effects analysis [F(1,16)=22.84, p<0.001] (Fig. 2) .
Discussion
We measured moods, sleepiness and task performances on the baseline, the post-vigil and the 3 recovery days to investigate the change and recovery after one night of SD. Our study indicates that both fatigue and confusion significantly deteriorated with SD, and they did not recover to the baseline level after one ordinary 7-h sleep opportunity. The recovery patterns of 3 different types of high-order cognitive performance, PASAT, RST, and OE of CPT, were similar suggesting the need of more than two ordinary sleep opportunities after one night of SD to return to the baseline level. A partially similar tendency was observed in the pattern of recovery after SD for fatigue, confusion and some high-order cognitive performances, because they did not recover after one sleep opportunity. Subjective sleepiness, indicated by 3 different scales, was significantly higher after SD and recovered almost to the baseline after one sleep opportunity (Fig.1) . These findings are compatible with the results of previous studies 16, 17) . They suggest differences of recovery among subjective sleepiness and fatigue, confusion, and high-order cognitive function including vigilance. That is to say, subjective sleepiness recovered after one ordinary sleep opportunity, whereas fatigue, confusion and high-order cognitive performance recovered after at least two ordinary sleep opportunities following one night of SD. According to the study of Lamond et al., a 9-h sleep opportunity, which is more than one ordinary sleep, might be needed to recover after one night of SD. Moreover, minutes of slow wave sleep were closely equivalent in the cases of both 6-and 9-h recovery sleeps after SD 16, 17 the quality of sleep might not be directly related to recovery from SD and plenty of sleep might be needed to recover after SD 17) . These results suggest that quantity of sleep may be more important rather than quality of sleep for recovery after SD.
On the task performances, the scores of the simple tasks, the Simple Addition Task and the Simple Word Memory Task, were the lowest on the baseline day and gradually rose during SD and the recovery days. The lowest scores of these tasks on the baseline day may be related to the high tension-anxiety showed in the POMS test. Additionally, such simple tasks seem not to be easily affected by SD. Our results are consistent with a former study reported by Johnson who examined the effects on various simple tasks at each stage of sleep, but could not find any significant differences 38) . We considered the experimental conditions which might influence the task performances through the participants' motivation prior to this experiment. We supposed subjects performed each task intensively and kept high motivation since, except for CPT, they could finish each task within 5 min. Decline of concentration or motivation, which could be related to function of the prefrontal cortex, might be avoided by guaranteeing the maximum bonus as long as subjects completed the tasks in earnest during performing tasks in our study.
There were no significant differences in high-order cognitive performances between the morning and evening sessions, while subjective sleepiness and fatigue were higher in the morning session. The latter is consistent with a previous study but the former is not 24) . This discrepancy may be related to the differences of tasks or experimental conditions. Further studies are necessary to investigate this discrepancy. Interactions between Day and TOD were found for OE of CPT and total time required in WSCT (Fig. 2) . In a comparison of the changes in task performances at 8:00 and 20:00 during the 5 experimental days, the highest number of OEs of CPT at 8:00 was found on the post-vigil day, and at 20:00 highest number of OEs was found after one sleep opportunity, but no significant differences were observed. In WCST, the mean of total time required at 8:00 was significantly longer than that at 20:00 on the baseline day. This may be related to the characteristics of WSCT which needs careful speculation to perform the task for the first time. Although participants tried to perform all the tasks in order to become accustomed to them before the baseline day, they might have needed more time to perform WCST due to the state of high tension-anxiety at the first trial on the experimental days.
The limitation of our study is that the results cannot be generalized for female or aged workers. We speculate that SD may cause more serious adverse effects for middle-aged or older workers, because recovery from fatigue or of cognitive function after SD is shorter in the younger generations. There are reports suggesting decreased cognitive performances after working before 6 a.m. or after 10 p.m. and more fatigue from successive night shifts in older workers compared with younger workers 22, 23) . Van Dongen et al. reported that subjects were largely unaware of increasing cognitive deficits in consecutive sleep restriction 18) . Some studies have reported the decline and recovery of cognitive function after SD or short sleep in the area of medical care 19, 20) . Our study suggests that accidents or lower efficiency and accuracy may occur in occupational or daily activities even after one night of SD. Many studies have reported on the physiological, mental or neurobehavioral effects induced by sleep loss by occupation [19] [20] [21] [39] [40] [41] [42] , but to explore the recovery process after sleep loss, as in our study, might be more important for occupation, because of considerations of assessments or measures against low performance and efficiency, and failure in work with restricted sleep. It is necessary in the field of occupational safety and health to consider the prolonged adverse effect due to sleep loss, especially in performing a medical operation after a night on duty, computer operation, and critical phases of work processes after overnight work [43] [44] [45] .
In conclusion, our study suggests that one ordinary 7-h sleep opportunity following one night of SD, may be required for recovery of subjective sleepiness, and at least two ordinary sleep opportunities for recovery of fatigue, confusion and some high-order cognitive performances. O n t h e o t h e r h a n d , s i m p l e t a s k s a n d t h e neuropsychological test of "set-shifting", as in WCST, may be hardly influenced by SD. Thus, test characteristics may relate to the different influences of SD on tasks.
